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I. INTRODUCTION 


The accelerated corrosion of gas turbine materials due to the presence of 
condensed salts is commonly called hot corrosion. Sulfidation attack is a form 
of hot corrosion in which the principle component of the condensed salt is 
sodium sulfate. Sulfidation corrosion has been intensively studied for more 
than a decade and it is realized that a solution to the sulfidation problem re- 
quires a basic understanding of the corrosion mechanism(s) so that appropriate 
corrective action can be taken. It is important to also realize that, based 
upon current knowledge, the sulfidation problem currently encountered will be 
a major problem for machines using coal-derived synthetic fuel oils and gases 
because corrodents are formed from naturally occurring impurities in the coal 
(Ref. 1). Furthermore, these impurities are not readily removed by current 
processing techniques. Corrosive compounds that are likely to be found in the 
hot section of turbines operating in marine and industrial environments include 
Na2S0^ as well as NaCl (e.g. Ref. 2-4). 

The critical step in the corrosion phenomenon, sulfidation attack, is the 
destruction of the normally protective oxide layer which separates the fused 
salt from the substrate. Thus an understanding of the various mechanisms by 
which the normally protective scales are rendered ineffectual is a prerequisite 
for the attenuation of and/or prevention of corrosion. In laboratory tests it 
has been shown that one means by which the normally protective layer is 
rendered ineffectual is by dissolution of the oxide as a result of interaction 
between the scale and oxide ions present in the melt. Other means by which 
the normally protective scale can be compromised include (a) local reducing 
conditions, (b) mechanical erosion, (c) mechanical faults accompanying oxide 
growth, (d) thermal stresses, (e) superimposed operating stresses, and (f) 
mechanical disruption resulting from chemical reactions (Refs. 5-11) . However, 
the mechanism which relates to scale breakdown as a result of chemical reactions 
with various chemical species present in the gas phase has received little 
attention and is little understood even though it is potentially as important 
as any other mechanism. Hence the main thrust of this work is directed toward 
understanding the mechanism(s) by which the protection normally afforded by 
alumina and chromia scales is compromised as a result of chemical reactions 
involving reactants present in the gas phas°. 

Accelerated corrosion has been reported to occur in some Navy gas turbines 
that operate at reduced power levels (Ref. 12). An explanation offered to 
account for such corrosion involves the acidic fluxing of protective alumina 
scales by molten salts in the presence of SC^ (S 02 / 02 )-containing atmospheres 
at temperatures of about 1300°F (704°C) (Ref. 12). However, in addition 
to lowered metal temperatures, low power engine operation also implies 
reduced air flows and burner temperatures. Under such conditions, the deposition 
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of salts and combustion products are altered as compared with those experienced 
during engine operation at normal power levels (Ref. 2). Hence experiments were 
conducted to determine the effects of such exposure to protective CoCrAlY coatings 
without SO^SC^/C^) additions to test atmospheres. 


This work was supported by the NASA-Lewis Research Center under Contract 
No. NAS 3-21376; Mr. Carl A. Stearns, NASA Project Manager. 

Three previous quarterly reports were issued under this contract: 

1. Smeggil, J. G. : Study of the Effects of Gaseous Environments on the 

Hot Corrosion of Superalloy Materials, First Quarterly Report, R78-914387-1, 
work conducted for NASA-Lewis Research Center, Contract No. NAS3-21376, 
December, 1978. 

2. Smeggil, J. G. : Study of the Effects of Gaseous Corrodants on the Hot 

Corrosion of Superalloy Materials, Second Quarterly Report, R79-914387-2, 
work conducted for NASA-Lewis Research Center, Contract No. NAS3-21376, 
March, 1979. 

3. Smeggil, J. G. : Study of the Effects of Gaseous Environments on the Hot 

Corrosion of Superalloy Materials, Third Quarterly Report, R79-914 387-3, 
work conducted for NASA-Lewis Research Center, Contract No. NAS3-21376, 

July, 1979. 
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II. BACKGROUND 


All structural alloys are, with respect to the high temperature oxidizing 
environments, thermodynamically unstable and react to form surface layers or 
scales. The composition and the adherence of such scales depends in part upon 
substrate and environmental compositions as well as the parameters time and 
temperature . 

Oxidation is the general term used to describe the formation and growth of 
the surface oxide layer(s) that develops on structural materials. Hot corrosion 
is the phrase used to describe the accelerated oxidation associated with the 
presence of molten salts. The principle constituents of such salts found on hot 
gas path turbine component surfaces are the alkali sulfates. Moreover, discrete 
sulfide particles are commonly observed near surfaces of materials which have 
undergone hot corrosion effects resulting from sodium sulfate deposits. Thusly, 
the terms "hot corrosion" and "sulfidation" are frequently used interchangeably. 
Moreover, because sea salt crystals are ever present in the air and inadvertently 
present in liquid fuels, hot corrosion (or sulfidation) is a major concern to both 
users and producers of gas turbine engines. 

In investigating sulfidation corrosion, researchers have studied both the 
chemical reactions that occur between fused alkali salts and metallic substrates 
and the mechanisms by which salts deposit onto turbomachinery. It is generally 
agreed that the source of the corrosive alkali is sea salt crystals and that 
the condensed salt always associated with sulfidation corrosion is primarily 
sodium sulfate. Many mechanisms have been proposed to account for the deposition 
of salts onto turbomachinery. However, in addition to condensed salt deposits, 
gas turbine components will also be exposed to atmospheres containing low 
partial pressures of chi. ride— bearing species. Stearns et al. (Ref. 3) and 
Kohl et al. (Ref. 4) have reported that gaseous NaCl is expected to be the 
major sodium-bearing species in the hot section of the gas turbine. 

In previously reported studies aimed at defining the role of gaseous 
corrodents, the United Technologies Research Center, undertook to examine the 
effects of gaseous environments on the sulfidation attack of superalloys 
(Ref. 13). The results of that study are succinctly summarized thusly: 

1. Gaseous NaCl and HC1 interact with and modify the oxide scale that 
forms on the intermetallic compound NiAl. Specifically, it was 
shown that, during isothermal oxidation in tne presence of such 
gaseous halides, the oxide scale was covered with numerous alumina 
whiskers. The size and density of such whiskers are NaCl(g) con- 
centration dependent. It was also shown that increasing the con- 
centration of NaCl(g) increases the number of whiskers while the 
individual whisker size is decreased. 
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2. Experiments were conducted to determine if the Al 2 0 3 whiskers were 
formed by rearrangement of the surface AI 2 O 3 or if they originated from 
aluminum at the metal-oxide interface. Neither impure nor high purity 
dense alumina developed A^O^ whiskers on exposure to NaCl(g) -bearing 
atmospheres. Thus, it was concluded that the aluminum source for the 
AI 2 O 3 whisker formation is not at the surface, i.e., the gas-scale 
interface. It was proposed that a halogen-containing species reacts 
with the alloy substrates to form an "Al-NaCl" vapor moiety which 
diffuses through the alumina scale and reacts with oxygen at the free 
surface to form alumina whiskers. The precise nature of this "Al-NaCl" 
species is as yet unknown. Such a transport mechanism is consistent 
with the observation of isothermal rupture, spallation, and reformation 
of protective alumina scales. 

3. At the 10 ppm level, the concentration of NaCl is sufficient to rupture 
protective alumina scales. In this study it was found that the NaCl 
concentration in a laboratory box furnace atmosphere was about 20 ppm. 


4. In the presence of sodium sulfate deposits and with NaCl vapors in test 
atmospheres, alumina whiskers are produced. At 1050°C in the presence o* 
NaCl(g) vapors, incubation periods associated with sulfidation are 
prolonged. To account for this observation, it was proposed that the 
"Al-NaCl" species removes oxygen from Na 2 S 0 ^ to form alumina whiskers. 
Furthermore, the newly formed alumina reacts with sodium oxide present 
in the condensed salt to further delay the sulfidation-initiation process. 


5. NaCl vapors were also shown to interact with chromia-rich scales. 

At 900°C NaCl(g) was shown to react with chromia-rich scales to 
produce "S" shaped curves. An "S" shaped curve is indicative of 
"breakaway" oxidation where the rate of oxygen pickup is noticeably 
increased as a result of scale rupture. Based upon metallographic 
and x-ray diffraction studies, the oxide scale formed in the presence 
of NaCl(g) is composed of both the spinel, NiC^C^, and C^O-j. 
Moreover, areas are observed where chromia depletion is markedly 
evident. The formation of the spinel and the loss of chromium is 
consistent with the formation of volatile chromium-containing species. 
Steams et al., and Fryburg et al. , have shown that the vapor species 
responsible for the loss of chromium from the alloys primarily are 
(NaCl) x Cr0 3 (g), x - 1, 2, 3, and (NaOH) x Cr0 3 (g) , x - 1, 2 (Refs. 14, 
15) . When Ni-25Cr and chromium specimens are coated with Na 2 S 0 ^ and 
subsequently exposed to air and gaseous NaCl, "S" shaped oxidation 
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curves are not observed. It appeared as if Na2S0^ mitigates the 
deleterious effect of NaCl(g) although the mechanism by which this 
occurs was not known. 

6. Lastly, the role of reducing agents was examined and it was found 

that finely divided carbon co-deposited with Na2S0^ onto NiAl decreased 
the rate of corrosion at 900°C, but exhibited no effect at 1050°C. For 
the chromia-forming Ni-25Cr alloy, the data suggested that carbon 
influenced isothermal scale breakage, but the cause was not known. 

Accelerated corrosion has been observed to occur in some Navy gas 
turbine engines that operate predominantly at reduced power (Ref. 12). Because 
low power operation implies reduced air flows, burner temperatures, and metal 
temperatures, the concentration of NaCl(g) in the environment and rate of 
deposition of salts and combustion products are changed. Amplifying briefly on 
this, the anticipated effects of low power engine operation include carbon 
formation during initial engine ignition and shutdown. Furthermore unlike 
operation at normal power levels, carbon-enriched atmospheres and the production 
of fuel chars have been reported for Naval gas turbines during operation at 
reduced power levels (Ref. 2) . Thus, for a gas turbine operated in a cyclic 
mode, frequent opportunities exist for either unburnt fuel or fuel chars to 
impact turbine hardware and locally burn. Moreover such carbon, unlike the quickly 
burning powders used in the prior study (Ref. 13), can exist for prolonged dura- 
tions at elevated temperatures. Burn-off rates for carbon have been previously 
reported to strongly depend on the form in which it is present (Ref. 16). Al- 
though the effect of strictly reducing atmospheres on corrosion processes has been 
reported (Ref. 17), the effect of alternating oxidizing/reducing conditions on 
Na 2 S 0 ^/NaCl(g) -induced hot corrosion has been largely overlooked. 

The objectives of the .study reported herein are to confirm that the con- 
clusions based upon the initial short term experimental data (Ref. 13) are 
also valid for long term tests; to investigate the role of reactive additions; and to 
determine effects of alternating oxidizing/reducing conditions on Na 2 S 0 ^-NaCl(g) 
hot corrosion. 


» 
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III. EXPERIMENTAL APPROACH 
A. Mater ials 

The composition of the alloys employed In this study are listed In Table I. 
The N1A1 and CoCrAl specimens were prepared by arc-melting buttons under an 
argon atmosphere which were then annealed at 1300°C (2370°F) for 24 hours in 
flowing hydrogen. The Ni-25Cr and Ni-40Cr specimens were prepared by induction 
melting the metals in an alumina crucible for 20 minutes under an argon 
atmosphere after which time the specimens were annealed for 24 hours at 1100°C 
(2010°F) in hydrogen. 

The nominal composition for the B-1900 alloy used here is 64.0 w/o Ni; 

8.0 w/o Cr, 10.0 w/o Co, 6.0 w/o Mo, 4.0 w/o Ta, 2.0 w/o Nb, 4.5 w/o Al, 

2.0 w/o Ti, 0.13 w/o C, 0.018 w/o B, and 0.06 w/o Zr (Ref. 18). The CoCrAlY 
(IM6250) coating used is nominally 18-24 w/o Cr, 12-14 w/o Al, 0.5-0.75 w/o y, 
balance Co, applied over a Mar-M509 substrate (10.0 w/o Ni, 23.5 w/o Cr, 55.0 
w/o Co, 7.0 w/o W, 3.5 w/o Ta, 0.2 w/o Ti, 0.60 w/o C, and 0.50 w/o Zr) 

(Ref. 18) . The coating was applied by physical vapor deposition (PVD) techniques 
and subsequently given a standard heat treatment (4 hours at 1079°C [1975°F] in 
argon) . 

The pure chromium used in limited tests was supplied by Mr. C. A. Stearns, 
NASA-Lewir Research Center. The 4N+ purity material did contain trace levels 
of calcium as cu.*. ermined by energy dispersive analyses. 

All specimens were machined to approximately 2,5 cm x 1.0 cm x 0.2 cm 
(6.4 cm sq. surface area) and ground with 600 grit SiC. A platinum support 
wire was used to suspend all specimens, and prior to insertion into the 
experimental apparatus they were washed and degreased; the final rinse was 
absolute ethanol. 

The air used in all experiments was passed over anhydrous calcium sulfate 
(Drierite) to reduce water vapor levels. The average air flow was 300 scc/mm. 
which corresponds to a flow velocity of 0.19 cm/sec. The sodium chloride, 
sodium sulfate, sodium chromate and ammonium chromate used in the study were 
ultrapure or analytical reagent grade, or the highest purity obtainable, and 
were obtained from the Alfa-Ventron Products. Lastly, the HC1 gas used in 
this program was purchased commercially as primary standard HCI-N 2 mixtures. 

B. Procedures 

All oxidation experiments were conducted using an Ainsworth type RV-AU-1 
balance which is readable to 0.01 milligrams and reproducible to + 0.03 
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milligrams. The specimens were Introduced into a quartz tube (2.5" O.D.) 
which was heated by a three zone Marshall furnace maintained at +5°C of the 
set temperature by a Leeds and Northrup proportional controller series 60. 

The sodium chloride vapors were generated from the fused salt held in a 
platinum crucible on a movable pedastal within the quartz tube. The temperature 
of the crucible was measured by thermocouples lying immediately adjacent to 
the pedastal. The concentration of sodium chloride gas was determined from 
the differences in weights of the platinum crucible before and after each 
experiment and the mass flow of air. The weight change data for the samples 
exposed to the sodium chloride vapors were corrected for condensation of the 
salt onto the platinum suspension wires. At the 10 and 100 ppm sodium chloride 
levels, the correction factors are 1 x 10”^ and 3.98 x 10”^ milligrams per hour 
respectively. 

Sodium sulfate was applied onto preheated specimens from an air aerosol 
spray of the aqueous solutions. Th' - ’ quantity of salt applied was determined 
by weighing the test specimen before and after the coating application. Chromia 
coatings were formed by the thermal conversion of ammonium chromate to chromia 
which occurs during exposure at elevated temperatures. The sodium sulfate 
deposits examined here corresponded to 1.0 (+10%) rag/cm^ of the calculated 
specimen's surface area. For mixed sodium sulfate-chromia deposits, an 
aqueous solution of 1 part by weight Na 2 S 04 to 2.2 parts by weight (NH^^CrO^ 
was used to effect deposits of 3.2 (+10%) mg/cm^. The sodium sulfate component 
of such a deposit mixture would correspond to 1.0 (+10%) mg/cm^. 

In experiments designed to simulate low power gas turbine operation, 
thermal spikes were used to simulate the effect of char deposits forming and 
burning off in situ on turbine hardware surfaces. The laboratory test 
involved inserting CoCrAlY-coated test specimens into a box furnace preheated 
to 1300°C (2370°F) for durations up to 30 seconds. Char particles were formed 
when salt-coated specimens were exposed with 5 to 3 cc of Diesel No. 2 fuel. 

Unlike the commerically available carbon, the chars formed as described above 
burn slowly and survive for several hours at 700°C (1290°F). Lastly, the quantity 
of char in some tests was increased by the addition of 5 cc of Stycast-1260A*, 
an epoxy resin which contains approximately 0.1 w/o chloride. Subsequent to 
the brief exposure in the high temperature furnace, specimens were aged in 
air for several hours at 700°C (1290°F) to simulate turbine operation under 
steady state cor. a it ions. 


* An epoxy used for mounting specimens for metallographic examination and 
produced by Emerson & Cuming, Incorporated, Canton, Massachusetts. 
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IV. EXPERIMENTAL RESULTS AND DISCUSSION 


A. Oxidation-Air Alone 

In order to establish a base-line from which meaningful comparisons were 
made, the alloys described in Table 1 were isothermally oxidized in air at 700°, 

900° and 1050°C. Moreover, experiments involving NiAl, Ni-25Cr and B-1900 at 900° 
and 1050°C were conducted for 100 hour test periods while all other experiments 
were performed at 700°C and for durations of approximately twenty-four hours. 

The NiAl and NiAl-base alloys as well as the CoCrAlY compositions formed, 
upon exposure at elevated temperatures, thin dense alumina scales, e.g., Fig. 1. 

The oxidation kinetics for the various NiAl and CoCrAl compositions modified 
by yttrium and hafnium addition were similar to that of NiAl alone, cf. Fig. 2. 

The oxidation behavior of the various Ni-Cr alloys listed in Table I were 
also well behaved in that the scales formed were as described by numerous investi- 
gators (e.g., Refs. 19,20,21). The oxidation kinetics for these alloys were analo- 
gous to that for the Ni-25Cr composition, Fig. 3. In general, a chromia scale was 
observed on the surfaces of the alloys with a wide variation in oxide grain sizes 
and shapes. At 1050°C the surfaces exhibited a rumpled appearance with numerous 
mounds protruding from the surface, Fig. 4. Metallographic termination revealed the 
typical scale morphologies associated with these chromia formt rs as shown in Fig. 5. 

Lastly, the oxidation behavior of the nickel base superalloy B-1900 was 
quite complex, Fig. 6. At low temperature, 700 C, the oxide formed after 100 
hours is rich in chromium. At 900 and 1050°C, a more heterogeneous oxide structure 
is observed as described by Fryburg et al. (Ref. 22). The surface oxide consists 
of alternate areas rich in chromium and nickel with areas rich in aluminum. 
Metallographic examination of the B-1900 alloy specimens shows that the oxide scale 
is separated from the unaffected matrix by a narrow zone devoid of gamma prime, 

Fig. 7. 


B. Oxidation-Gaseous NaCl 

It has been previously reported that gaseous NaCl interacts with growing oxide 
scales on model alumina and chromia formers (Ref. 13). Based upon the limited short 
term data, simple models were proposed. The results of the present study confirm 
the previous findings and further increase the knowledge of hot corrosion. 
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1. Alumina Formers 


It was previously reported (Ref. 13) that, in the presence of low concentrations 
of gaseous NaCl and HC1, alumina whiskers are formed on the surface of the oxide 
scale. 

The source of aluminum for whisker growth was experimentally determined to 
lie below the scale. It was previously proposed that some as yet unidentified 
halogen-bearing species diffuses through th.- dense alumina scales, and at the 
metal-substrate interface, where the oxygen potential is reduced, reacts with the 
substrate to form an "Al-NaCl" species. This moiety then diffuses back through 
the dense alumina scale and oxidizes at the free surface to form the alumina 
whiskers (Ref. 13). 

Based on this model, it was hypothesized that the continual transport of 
aluminum from the alloy-oxide interface would ultimately result in scale rupture. 

In agreement with previous studies (Ref. 13), the alumina formers upon exposure 
to gaseous NaCl at 900 and 1050 C formed numerous alumina whiskers on oxide sur- 
faces. Again in agreement with prior results (Ref. 13), EDAX examination confirmed 
only the presence of aluminum with no traces of sodium or chlorine on external 
specimen surfaces. 

For specimens oxidized in ai- with NaCl(g) the weight gain data was in agree- 
ment with the previously reported behavior (Ref. 13), Figs. 8 and 9. During the 
first 24 hours, there was no evidence of isothermal scale spallation at either test 
temperature. Figs. 8 and 9. However, as shown in Figs. 8 and 9, it Is apparent, 
as noted by the discontinuities in the weight gain curves, that during prolonged 
exposures aperiodic isothermal scale rupture occurred. Moreover, the magnitude of 
such weight change discontinuities appears to increase witn increasing salt con- 
centration 

Examination of the spalled and retained scales by scanning electron microscopy 
and EDAX techniques reveals the presence of multilayers of essentially pure 
alumina. Fig. 10. It also is apparent that the external alumina layer is ,.oorly 
attached to the underlying protection alumina scale, Fig. 10, and both scales are 
highly faceted. Moreover, such exaggerated faceting of alumina crystals even 
exists at the scale-substrate interface, Fig. 10. On the other hand, scales pro- 
duced by exposure to air alone do not exhibit such highly faceted crystals at 
this interface, cf . Fig. 1. 

Additionally, the normal alumina scale is bonded to the NiAl substrate in 
numerous areas, as shown in Fig. lie. The density of attachm t sites (or 
metallic pegs) is very high. However, when NaCl(g) is present, the density of 
such points of attachment is sharply reduced, as shown in Fig. lib. 
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Thus, It is concluded that the NaCl(g) reacts with the substrate at the 
metal-oxide interface, removing aluminum and thereby forming \oids and reducing the 
number of attachment sites or pegs, which eventually results in scale cracking 
or spallation and the attendant increased rates of oxidation. 

The oxides of sulfur are commonly present in most gas turbine environments. 
Because NaCl(g) can react with oxides of sulfur to form alkali sulfates, a 
series of experiments was conducted to determine if the presence of SO 2 would 
alter any of the findings previously discussed. Specifically, concern was expressed 
that the presence of SO 2 would effectively block the transport mechanism responsible 
for the production of alumina whiskers. It is realized, however, that HC1 had pro- 
duced similar morphological changes on N1A1 substrates in prior studies (Ref. 13). 
Furthermore, if any reaction would occur between NaCl(g), SO 2 * and H 2 O, a likely 
product would be HCl(g). As shown in Fig. 12, when SO 2 was admitted into the 
system, alumina whiskers continued to form on the scales. Thus, sulfur oxides 
do not inhibit che transport processes responsible for alumina whisker 
formation. 

Lastly, although this discussion has dealt with '!iAl, alumina whiskers were 
similarly produced, as expected t when CoCrAlY was exposed to oxidation in the 
presence of NaCl vapors. Fig. 13. 

2. Chromia Formers 


The chromia formers listed in Table I are generally well behaved and oxidized 
at slow and controlled rates. Nevertheless, in the presence of gaseous NaCl, the 
weight gain curves were described as "S" shaped, which are associated with break- 
away oxidation kinetics (Ref. 13). Because isothermal scale rupture effects 
occurred only once during the early stages of oxidation, it was hypothesized that, 
after the gaseous NaCl reacts with the protective oxide, the scale that reforms is 
not a continuous protective chromia scale (Ref. 13). 

In the experiments described in the present study , the introduction of gaseous 
NaCl(g) once again promoted the formation of "S" shaped weight gain curves or 
breakaway oxidation during the early stages of oxidation at both 900°C and 1050 C, 
Fig. 14. At 900°C the rate of oxidation of the chromia former Ni-25Cr is 
markedly affected by NaCl, the magnitude of the weight gain increasing with in- 
creasing NaCl(g) concentration, Fig. 15. However, at 1050 C, an inverse relation- 
ship is noted, Fig. 16. The effect of NaCl(g) is greater at the 12 ppm level than 
at the 113 ppm level. In order to further examine this apparent anomaly, a series 
of experiments was conducted in which the concentration of NaCl(g) was increased 
from 113 to 400 ppm. As shown in Fig. 16, the increase in concentration from 113 
to 400 ppm caused an increase in the rate of oxidation of the alloy. Therefore, 
the experiments conducted at the 10 and 100 ppm levels were repeated and the 
results were the same: that is, at 100 ppm level the magnitude of the final weight 
gain is less than that for both the 10 ppm and 400 ppm levels. 
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Metallographic and scanning electron microscopy studies of the surfaces of 
Ni-25Cr consistently revealed oxide blisters rich in nickel and almost totally 
void of chromium, Fig. 17. Surprisingly, loose non-adherent chromia crystals 
were frequently observed on the surfaces of such chromium-poor oxide scales which 
appeared as surface blisters. Oiromium depletion and nickel-enrichment was 
normally observed on the surface oxides of specimens exposed for twenty-four hours 
to air with NaCl vapors (Ref. 13). However the extent of such chromium depletion 
observed here in these localized blistered oxide regions has been markedly increased 
by prolonged exposure to such conditions. 

Lastly, based on extensive scanning electron microscopy and EDAX studies, 
although large areas of the surface oxide are virtually void of chromium, the 
oxide at the interface is chromium-rich. Such exaggerated duplex structures were 
only observed in the case of specimens oxidized in NaCl (g) -containing atmospheres. 
Thus, during oxidation of the chromia-forming alloys, the composition of the oxide 
scale exposed to the NaCl vapors continually changed. Based upon the experimental 
results, it is postulated that the NaCl gas reacts with and removes chromium from 
the scale, altering the composition from the original protective chromia to 
that of the spinel and lastly to virtually pure nickel oxide with trace levels of 
chromium. Thus, unlike systems where the NaCl(g) causes repeated isothermal scale 
breakage, the initial protective chromia scale, once cracked, does not reform. 

3. The Superalloy B-1900 

B-1900 is a nickel base superalloy and is characteristic of the family of 
superalloys developed to exhibit exceptionally high temperature strength and good 
oxidation properties, but unfortunately it has poor hot corrosion resistance. In 
simple oxidation the alloy forms a variety of oxide scales, the composition of 
the predominant scale depending upon temperature and duration of exposure. 

The effect of gaseous NaCl on the oxidation behavior of the superalloy B-1900 

was most unexpected and dramatic. At the low NaCl(g) levels employed in this study, 

o 

the superalloy oxidized at catastrophic rates. At 900 C at both 10 and 100 ppm 
NaCl(g) levels, the amount of oxidation of the alloy was comparable to or greater 
than that observed when the ailoy is coated with sodium sulfate and oxidized in 
air alone. Fig. 18. Although the magnitude of the weight change varied from exper- 
iment to experiment, the net result was quite reproducible. In almost all tests, 
the oxidation of the alloy after prolonged exposure to either 10 or 100 ppm of 
NaCl(g) was catastrophic. Furthermore, at the end of 100 hour test periods, the 
rates of oxidation for specimens exposed at 900 C to NaCl (g) -bearing atmospheres 
were greater than that for specimens coated with Na2S0^ (1 mg/cm^). In fact, the 
amount of weight gain for specimens exposed to 100 ppm NaCl'g) levels was greater 
than that for specimens coated with Na 2 S 0 ^ at the end of 100 hour test periods. 
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Both the rate and the amount of oxidation of the B-1900 alloy exposed at 10S0°C 
to 10 ppm NaCl was comparable to that observed for simple oxidation. However, when 
the concentration of NaCl(g) was increased to 100 ppm, the alloy oxidized at rapid 
rates. Fig. 19, but not at the catastrophic rate noted at 900“C. 

The oxide scales formed on the surfaces of the nickel base superalloy were 
examined by scanning electron microscopy and EDAX. Alumina whiskers were noted 
on the surfaces of the NaCl exposed scale, a surface oxide characteristic similar 
to that seen on similarly tested NiAl specimens. EDAX analyses of metallographically 
prepared cross sections of specimens exposed at 900 C revealed the presence of a 
laminated oxide structure and enrichments of molybdenum near the metal-scale 
interface. Fig. 20. The surface of selected specimens were immersed in distilled 
water, and the only cation noted was molybdenum. Molybdenum trioxide is slightly 
soluble in water (Ref. 23). 

o 

On the other hand, B-1900 specimens exposed for 100 hours at 1050 C to NaCl(g) 
at 100 ppm levels indicated only a few small oxide pits. Fig. 21. EDAX examination 
of these oxide pits. Fig. 22, revealed enrichments of chromium and aluminum but not 
molybdenum as was found in specimens tested at 900°C. Metallographic cross-sections 
of B-1900 specimens tested at 1050°C in air with 10 ppm levels of NaCl(g) were 
similar to those tested at 1050°C in air alone. 

B-1900 was also exposed at 700°C to air with 10 ppm NaCl vapors. Oxidation 
kinetics were not accelerated and were similar to that found for exposure to air 
alone. However, examination of the NaCl exposed surfaces indicated structures 
dramatically different from those formed on exposure to air alone. Fig. 22. The 
specimen exposed to air alone shows a chromium-enriched oxide layer covering the 
alloy matrix with localized blooms of tantalum-rich oxides which derived from the 
MC carbide network in the alloy. In the presence of NaCl vapors, in addition to 
alumina whiskers, well-formed crystals of nickel-rich oxide, titanium-rich oxides, 
chromium oxides and probably molybdenum oxides also occur. On the other hand, on 
surfaces of specimens of B-1900 exposed to temperatures of 900 and 1050 C in 
NaCl (g) -bearing atmospheres, the only well-formed highly geometric crystals were 
the alumina whiskers. 

The mechanism proposed earlier to account for the formation of alumina 
whiskers by NaCl vapors can also be used to explain the dramatic increase in oxida- 
tion at 900°C of the nickel base superalloy B-1900 in the presence of NaCl vapors. 

As previously noted during short term exposures, alumina whiskers form on the 
surfaces of the scale. The formation of these whiskers depletes the alloy of 
aluminum, weakens the substrate, and cracks form within the scale. The isothermal 
spallation of the scale would not in itself account for the extremely rapid rates 
of oxidation. However, as shown by the scanning electron microscopy and EDAX 
analysis, localized enrichments of molybdenum are observed at the scale-substrate 
interface. Therefore, it is hypothesized that as a result of aluminum depletion. 
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the scale cracks, locally oxidizing the substrate alloy which has become enriched 

in molybdenum and other alloying elements. At elevated temperatures, the liquid 

M0O3 readily reacts with and dissolves oxide scales. The accelerated oxidation 

of alloys due to the accumulation of molybdenum oxides is not new and has been 

previously reported by Leslie and Fontana (Ref. 24). At 1050°C the rates of 

evaporation of M0O3 and the pressures needed to contain the liquid are excessive, 

hence the reduction in the rates of accelerated oxidation. On the other hand, 
o 

at 700 C accelerated attack was not encountered even though substantial interaction 
between the NaCl(g) and the oxide scale did occur. The likely cause of this 
absence of accelerated oxidation kinetics relates to the melting point of MoO^, 
which is 795°C (Ref. 20) or 95°C above the 700°C test temperature. 


C. Hot Corrosion 


1. Alumina Formers 


The sulfidation behavior of the intermetallic compound NiAl has been studied 
by numerous investigators, and the experimental results reported herein are in 
agreement with the literature. At both 900 C and 1050 C, the intermetallic com- 
pound reacts with the fused salt to form a nonprotective oxide scale. Metallo- 
graphic examination revealed the presence of a nonadherent oxide scale and sulfides 
precipitated in the alloy depletion zone which separates the unaffected mat..^x 
from the corrosion product. 

o 

It was previously shown (Ref. 13) that at 900 C the presence of NaCl(g) had 
no effect on the thermogravimetric data of sodium sulfate-coated NiAl. 

However, at 1050°C as NaCl(g) was admitted into the environment, the rate of 
oxidation of the Na2S0^-coated NiAl decreased (Ref. 13). At the 200 ppm level, no 
sulfidation corrosion was noted for a twenty-four hour test period. A model was 
proposed in which it was suggested that the reduction in the rates of corrosion 
of the sodium sulfate-coated NiAl is related to the formation of a volatile "Al-NaCl" 
species whose stability is oxygen dependent, and at the sodium sulfate-air inter- 
faces reacts with both oxygen and oxide ions to form alumina (Ref. 13). 

As shown in Fig. 24, the addition of NaCl(g) to the environment prolongs the 
duration of the incubation period and does markedly reduce the magnitude of the 
weight gain of sodium sulfate-coated NiAl specimens tested at 1050°C. However, 
at the end of the 100 hour test period, the rate of weight change is similar for 
specimens tested in air alone or in air with up to 100 ppm NaCl(g). Thus, the 
NaCl vapors in the concentration range studied here have increased the time until 
accelerated oxidation kinetics occur but do not prevent their eventual 
occurrence. Metallographic examination of the specimens removed after 100 hours 
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exposure show that the N1A1 did react with the fused salt; the attack was 
sporadic, nonuniform, and did produce characteristic alloy depleted zones with 
su3 :ide precipitates. In other areas the aluminum content of the alloy was reduced 
sufficiently to promote the typical Widmanstatten structure associated with nickel- 
rich NiAl, and areas of gamma prime, Ni 3 Al, were also observed. Fig. 25. 

Thus, gaseous NaCl(g) can postpone the accelerated oxidation kinetics 
associated with sulfidation corrosion, but the net result is alloy attack. It was 
previously shown that at 1050 C, the introduction of NaCl(g) decreased the magni- 
tude of the weight gain for Na2S0^-coated NiAl. In fact, at the 200 ppm level 
th rate of weight gain was similar to that observed for simple oxidation. It has 
be n proposed that the rate of evaporation of the fused salt is increased as NaCl 
ill .solves in the Na2S0^. Increased rates of vaporization of Na 2 S0^ due to NaCl 
bai been reported by Felten and Pettit (Ref. 25) and Radzavich and Pettit (Ref. 26). 
However, Steams et al. (Ref. 27) has shown that this effect is at best minimal. 

In the current study it is observed that little, if any, of the original salt deposit 
is present after 100 hours, and alumina crystals are noted on the surface scale. 
Because the source of the aluminum for whisker formation originated at the scale-metal 
interface, it is postulated that the increased rate of salt loss is due to reac- 
tions between the transient "NaCl-Al" species and Na 2 S0/ > ; a product of the reaction 
is alumina and sulfur oxides. 

Lastly, it should be noted that although addition of reactive elements did not 
influence isothermal oxidation rates, yttrium additions at the 0.2 w/o level signi- 
ficantly increased corrosion rates of the NiAl, Fig. 26. Hafnium additions at the 
levels tested 'icre similarly worsened the hot corrosion behavior of NiAl. For the 
various CoCrAl compositions, reactive metal additions did not alter the thermo- 
gravimetric behavior exhibited by the CoCrAl composition itself, Fig. 27. 

2. Chromia Formers 


The alloys which form chromia scales are most resistant to sulfidation corro- 
sion. All the Ni -Cr alloys tested here with sodium sulfate deposits yielded 
similar results Specifically, specimens tested at 1050 C show sharp weight gain - 
weight loss ’.inetics for brief periods then slow oxidation kinetics, Fig. 28. On 
the other land, similar effects also occur at 900°C but at much slower rates. 

Fig. ?■'. In fact, 24 hour experiments do not adequately show the full extent of 
weig . loss behavior. Weight loss behavior is thought to result from volatiliza- 
tion effects involving principally sulfur oxides and sodium chromate. These 
esults are in agreement with thermogravimetric data presented by Wright et al. 
(Ref. 28), Bornstein and DeCrescente (Ref. 9), and our previous studies (Ref. 13). 

Moreover, as shown by Stearns et al. (Ref. 14), and Fryburg et al. (Ref. 15), 
gaseous JaCl reacts with and transports chromium as the vapor species (NaCl)^ 2 
CrO^ig), and (NaOH)^ 2 Cr0 3 (g). NaOH here derives from the hydrolysis of Nad. ’ 
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Both prior studies (Ref. 13) and our current results have shown that continual 
exposure of chromia formers to oxidizing atmospheres with NaCl vapor present 
results in the depletion of chromium from the oxide scale and breakaway kinetics. 

It was previously shown (Ref. 13) that the detrimental effects of the gaseous 
corrodents appears, in the limited 24 hour tests, to be mitigated by sodium sul- 
fate. It is known that chromia acts with and lowers the oxide ion content of 
sodium sulfate thereby imparting sulfidation inhibition. In the process, chromate 
salts are formed which lead to the growth of chromia crystals in the form of 
well-formed platelets on the surface of the oxide scale (Refs. 13, 28). The 
mechanism by which such crystals are formed is independent of the presence of 
sodium chloride vapors and so will not be discussed further here, cf. Appendix I. 

The production, however, of such crystals is highly temperature dependent, 
occurring rapidly at 1050 C and much more slowly at 900 C. Moreover, clusters of 
such C^O-j platelets have a much higher surface area than the nominal surface 
area of the test specimen itself. Consequently, these crystals offer an additional 
or alternative source of chromia with which the sodium chloride vapors can interact. 

Thus in the presence of chloride vapors a protective scale can be formed and maintained. 

Thusly, the two reactions - one involving gaseous chloride interactions with 
chromia, the other involving the production of crystal platelets by the 

action of the molten salt - occur simultaneously and independently of each other. 

The thermogravimetric data then reflects the net effects of these two parallel 
reactions as well as volatilization effects. 

Amplifying on this, in the 100 hour experiments conducted in this study at 
900°C, the rate of weight change for the 100 ppm NaCl(g) is shown in Fig. 29. In 
both the presence and absence of NaCl(g), the salt-coated specimens initially gain 
weight, and within a short time, lose weight, the loss being associated with vaporiza- 
tion of reaction products. Of significance, however, is the observation that the rates 
of weight loss are slower in the presence of the NaCl(g), inferring that the sub- 
strate is oxidizing at rates faster than that in air alone. Thus, the production 
rate of (^03 crystals is insufficient at 900°C in the presence of 91 ppm NaCl(g) 
to minimize the amount of NaCl(g) available at the oxide surface to react with 
protective scales, and clearly enhanced oxidation rates occur. However, at 1050 C, 
the rate of formation of such crystals is sufficiently high to afford sacrificial 
protection yielding oxidation behavior similar to that found for exposure to air 
alone. Fig. 28 and Ref. 13. However, it must be noted that any such apparent pro- 
tection will only be temporary. The duration of this protection will depend on 
how long such chromia crystals survive volatilization effects. The volatilization 
of these chromia crystals will result both from the vaporization of (^(^(c) as 
Cr 03 (g) and from the formation of volatile species such as (NaCl) x CrC^g), x ■ 1, 

2, 3 (Ref. 14). 
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Moreover, it is observed, based upon scanning electron microscopy studies, 
that for surfaces of the specimens exposed at 1050°C the oxide scale has been 
significantly enriched in nickel, Fig. 30. Similar observations were observed 
when the chromia formers are exposed to only gaseous NaCl, as if the fused salt 
was absent. The chromium-deficient oxide scale shown in Fig. 30 is not the virtually 
chromium-free oxide blister discussed earlier, cf. Fig. 17. 

In summary, in the presence of Na2S04, the Ni-Cr alloys developed well — 
formed chromia platelets, whose growth is strongly temperature dependent. It is 
postulated that the mechanism responsible for the development and growth of the 
crystals is related to oxygen transport (cf. Appendix I): 

■ 1 3 -► 

CrO^(c) + - Cr 2 0 3 (c) + - 0 2 (g) + Cr 2 0 7 (c). 

Oxygen reacts with chromia in regions of high oxygen activity and is transported 
through the molten salt to regions of lower activity. These crystals with their 
higher surface areas are more reactive with respect to NaCl. Thus, it appears 
that Na2S0^ mitigates the deleterious effect of NaCl(g). 

3. The Superalloy B-1900 

The hot corrosion behavior of Na 2 S0^-coated B-1900 has been described by many 
investigators. In general, during oxidation of the salt-coated specimens, an 
induction period is observed; the duration is dependent upon temperature among 
other things. Of notable interest is the observation that, during prolonged ex- 
posures at 900°C, the rates of oxidation of the salt-coated specimens (1 
mg/cm^ Na 2 S0^) did not continuously increase, but, as shown in Fig. 31, after 
approximately 40 hours from the initiation of corrosion, slowed down and continually 
decreased with increasing time. Based upon metallographic examination, approxi- 
mately 40 percent of the cross sectional area had been consumed. Based upon wet ^ 
chemical analysis, sodium sulfate was consistently present at levels of 0.04 mg/ cin 
on samples after exposure for 100 hours at 900 C to air either alone or with 10 ppm 
levels of NaCl(g). 

The presence of NaCl(g) markedly affected the sulfidation corrosion of B-1900 
at 900°C. In the presence of 95 ppm NaCl(g) the duration of the incubation period 
was decreased, Fig. 31. Linear oxidation kinetics ensued with total consumption 
of the specimen after 60 hours exposure. 

In fact, at the 100 ppm NaCl(g) level at both 900°C and 1050°C, Na 2 S0^ -coated 
B-1900 specimens were completely consumed. Figs. 31 and 32. At 1050°C, the sodium 
sulfate-coated B-1900 specimens exhibited similar oxidation kinetics with and 
without 10 ppm levels of NaCl(g) present, namely very rapid initial oxidation 
kinetics followed by net weight loss effects, Fig. 32. On the other hand, on 
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exposure at 900°C at the 11 ppm NaCl(g) level, the specimens were not completely 
consumed, but as shown in Fig. 31, the rate of weight gain is constant or increasing, 
and total consumption of the alloy is anticipated. Thus, a major difference between 
the 900°C sulfidation corrosion of B-1900 in the presence of NaCl(g) is the obser- 
vation that NaCl(g) (1) reduces or removes the incubation period, and (2) continually 
promotes the accelerated corrosion of the alloy. In the absence of the NaCl(g), the 
rate of oxidation of the salt-coated specimen eventually decreased. But this de- 
crease was not due to either the complete consumption of the specimen or the com- 
plet loss of sodium sulfate from specimen surfaces before the end of the experi- 
ment. 


It was previously shown that NaCl(g) markedly accelerates the rate of oxida- 
tion of B-1900 in the absence of salt deposits. Therefore, because both current 
and prior studies (Ref. 13) have indicated that NaCl vapors cause scale rupture 
effects irrespective of the presence of Na 2 S 0 ^ deposits, it would be anticipated 
that the presence of NaCl vapors would result in decreasing incubation periods for 
B-1900 specimens coated with Na2S0^, as was experimentally observed. 

In previous studies of the accelerated oxidation of nickel base superalloys, 
it was shown that the eventual decrease in rates of oxidation of salt-coated 
alloys could be related to the consumption of oxide ions in the melt and the 
gradual reformation of a protective oxide scale forming beneath the loose, non- 
protective corrosion product (Refs. 9, 10, 11). In the current study it was shown that 
the rates of oxidation at 900°C of sodium sulfate-coated B-1900 exposed to gaseous 
NaCl do not eventually decrease but continually accelerate. 

It has been established that externally applied chromia deposits attenuate 
sulfidation corrosion (e.g.. Ref. 29). The objective of the next series of experi- 
ments was to determine the role of NaCl(g) in the presence of chromia additions on 
the surface with respect to hot corrosion processes. In the absence of externally 
applied chromia deposits, sodium sulfate-coated B-1900 specimens undergo accelerated 
corrosion after approximately four hours at 900°C, Fig. 31. In the presence of 
^ r 2®3» incubation period has been extended to about 40 hours, Fig. 33. The 
cause for the eventual accelerated oxidation kinetics is unclear. It can be sug- 
gested that total inhibition is not observed due to the presence of discontinuities 
in the oxide scale which eventually allow the salt to contact the substrate. The 
subsequent formation of sulfides and excess oxide ions overpowers the chromia, and 
accelerated oxidation occurs. However, this explanation may not be complete because 
NiAl specimens similarly tested failed to show any effects of hot corrosion for 
100 hour test periods. Moreover, because chemical reactions are temperature de- 
pendent, rates are very rapid at 1050 °C. Thus, at 1050°C no inhibition was observed 
for either B-1900 or NiAl substrates. 

The addition of 10 ppm NaCl into the gaseous environment did not significantly 
alter the eventual occurrence of accelerated oxidation kinetics, Fig. 33; however, 
at the 100 ppm level, significant differences occurred. 
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As indicated in Fig. 33, at the 100 ppm NaCl(g) level, the salt coated 
(Na 2 S 0 ^ + C^O-) specimens did not undergo classical hot corrosion in that (a) no 
incubation period was observed, and (b) the apparent rate of oxidation was a linear 
function of time. Based upon visual observation, the principle salt appeared 
to be the chromate, with its characteristic yellow color. Close examination 
revealed the presence of small nodules and surface discolorations which are indica- 
tions of areas of localized corrosion. 

In view of the fact that with 100 ppm additions of NaCl(g) to test atmospheres 
B-1900 specimens have been aggressively attacked, the behavior reported here is not 
readily understood. 


D. Low Power Corrosion 

Field experience and laboratory experiments have shown that, when molten 
deposits composed primarily of sodium sulfate, Na 2 S 0 ^, are present on hot gas path 
turbine components, accelerated corrosion can occur. Because the melting point of 
sodium sulfate is 884°C (1623 F) , engine operation resulting in turbine metal 
surface temperatures below 750-800°C (1380-1470°F) has been generally considered 
"safe" (Refs. 30, 31). 

It has been reported that as a result of extended low power operation, 
accelerated corrosion of gas turbine components had occurred (Refs. 12, 32). Low 
power is associated with low first stage turbine blade metal temperatures, and the 
overlay CoCrAlY coating exhibited significant attack in engines operating in the 
12,000 horsepower range, which is associated with metal temperatures in the range 
of 593-732°C (1100-1350°F) as compared to normal power levels (20,000 hp), which 
reportedly are associated with metal temperatures in the range of 816-899°C 
(1500-1650°F) (Refs. 2, 12, 32, 33). The fuel in all cases was a marine distillate 
with 0.7 percent sulfur (Ref. 12, 32). 

The morphology associated with the accelerated corrosion resulting from low 
power engine operation is described to be principally characterized by a pitting 
attack of the CoCrAlY coating with little evidence of 8-CoAl depletion (Refs. 12, 
32, 33). This micro structure is in contrast to the 8-depletion zone and attendant 
internal sulfides commonly seen in CoCrAlY overlay coatings which have undergone 
classical hot corrosion attack (Refs. 12, 32), e.g., Fig. 2 in Ref. 33. Moreover, 
this corrosion morphology occurs principally on the pressure (or concave) surfaces 
of turbine airfoils (Ref. 33). 

The oxides associated with the low temperature corrosion pits are enriched in 
both chromium and aluminum and are depleted in cobalt although the outer oxide 
layer is most often enriched in cobalt (Refs. 12, 32, 33). Reduced chromium levels 
are frequently detected in the CoCrAlY adjacent to these oxide pits, and regions at 
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the Interface between the CoCrAlY and the oxide pit are often sulfur-rich although 
distinct chromium-, aluminum-, or cobalt-rich sulfides have not been identified 
(Refs. 12, 32) . Lastly, water-soluble cobalt is associated with the corrosion 
product (Ref. 33). This corrosion morphology has been labeled "B2", and investi- 
gators currently working in this area frequently use this notation alone to des- 
cribe this corrosion micro structure. 

The accelerated attack associated with low power operation had been thought 
to be associated with enhanced salt deposition which was believed to be a conse- 
quence of the "lower flow rate through the demisters at low power settings" 

(Refs. 32, 33). A concurrent Navy report also cites turbine deposits and filter 
efficiency with corrosion (Ref. 34). In a subsequent report, Worcman, Fryxell, and 
Bessen related both low power operation and the observation that this pitting 
corrosion, which occurs primarily on the pressure or concave surfaces of the blades, 
with the comparative efficiency of the "shower head-film cooling" scheme used to 
control blade temperature (Ref. 33). According to these authors, the convex 
blade surfaces are thought to be "effectively wiped" with cooling air from the 
leading edge to trailing edge, while the concave surfaces are subjected to much 
more gas turbulence which minimizes the establishment of protective (cooling air) 
gas films that would hinder the delivery of injurious species (Ref. 33). There- 
fore, it is inferred that the corrosive salt does not readily deposit on the con- 
vex surfaces. According to these investigators, the pitting corrosion morphology 
is associated with the presence of low melting Na2S0^- CoSO^ mixtures (Ref. 33). 

At elevated temperatures the sulfates of the transition metals are less stable 
and decompose. 

This picture is incomplete and deals only with the propagation and says 
nothing about the initiation of failure of the protective alumina scales on the 
overlay coating. 

Jones and Gadomski (Ref. 31) reported that the pitting corrosion morphology 
seen on overlay-coated hardware removed from marine service can be simulated in the 
laboratory by depositing mixtures of Na 2 S 0 ^ and the sulfates of nickel, iron, zinc, 
cobalt, and lead onto CoCrAlY coatings and exposing them within the temperature 
range of 649-760°C (1200-1400°F) . According to Jones and Gadomski, the pitting 
attack results from the acidic dissolution of the protective scales as first des- 
cribed by Goebel, Pettit, and Goward (Ref. 35). 

It is well established that liquid sodium pyrosulfate and SOj-rich sodium 
sulfate melts will readily flux alumina scales (Refs. 12, 32, 36). However, an 
inconsistency associated with the description of the formation of the "B2" micro- 
structure is the observation that, although corrosion associated with this micro- 
structure occurs primarily on concave (or pressure) airfoil surfaces, salt deposits 
are noted on all surfaces (Ref. 33). Moreover, it is reported that within the 
destroyer duty cycle the engine briefly drops to idle (Ref. 2), and as reported 
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by Bessen and Fryxell, Che concentration of unburnt hydrocarbons and carbon 
monoxide can be as high as 0.1 percent. Also particulate char formation occurs 
(Ref. 2). Moreover, the corrosion is associated primarily with the surface exposed 
to line of sight effects and because carbonaceous deposits are reported to be present 
on the turbine surfaces (Refs. 33, 34, 37), the simultaneous presence of these 
deposits and the formation of S03~rich compounds is thermodynamically not favored. 
Lastly, it has been reported that CoCrAlY overlay coatings have performed excep- 
tionally well in the temperature range of 704 °C (1300 F) with fuels containing 
almost 3 percent sulfur (3 percent i^S), even though based upon chemical analysis, 
sodium sulfate was found on the airfoil surfaces (Ref. 38). 

The observations that the corrosion can be related to (a) salt deposition and 
filter efficiency, (b) Impaction phenomena since the pitting attack occurs only on 
the concave or pressure surface, and (c) the presence of carbonaceous deposits 
led us to conduct the study described herein to determine if an alternative 
mechanism exists whereby such oxide microstructures ("B2") can be formed. 

In previous studies (Rfef. 13), the role of carbon had been studied by applying 
mixtures of Na2S0^ and lampblack onto specimens and exposing them at elevated 
temperatures. In general, the carbon quickly oxidized. Because carbon formation 
is favored during Initial engine operation and can exist for prolonged durations 
at elevated temperatures (Ref. 16), the effect of carbon, temperature, and gaseous 
environment on corrosion was reinvestigated. 

In order to determine the role of gaseous chloride as it affects the corrosion 
morphology, a series of experiments were conducted in which uncoated and Na2S0^- 
coated CoCrAlY specimens were exposed as described in the test schedule below. The 
CoCrAlY tested here was in the form of CoCrAlY (IM 6250) coatings on MAR-M509 
substrates. 


TEST SCHEDULE 


Na2S04 

Thermal Spike 

Test Conditions 

No 

No 

Age at 700°C 

No 

Yes 

Spike, then age at 700°C 

Yes 

Yes 

Daily coated with Na2S0^, then 700° Age 

Yes 

Yes 

Daily washed, then coat with Na2S0^, then 
spike, then 700°C age 

Yes 

Yes 

Daily washed, then spike, then coat with 
Na2S0^, then 700°C age 
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The thermal spike here involved placing the sped -'n into a furnace preheated to 
1300°C for 30 seconds. In one series of experiments Involving the entire test 
schedule shown above, specimens aged in the 700°C fu::nace were exposed to air 
alone. In a second series of experiments again Involving the entire test schedule 
shown above, test specimens aged at 700 C were exposed to NaCl vapors. These 
vapors were provided by NaCl contained in a platinum crucible placed into a 700°C 
aging furnace. Based on reported vapor pressure data, the anticipated NaCl(g) 
concentration in this furnace was 100 ppm (Ref. 39). No attempt was made to 
artificially Increase the NaCl(g) composition in the 1300°C furnace above normal 
background values. These experiments were conducted over a period of 3000 hours. 

CoCrAlY coatings aged at 700°C alone with or without NaCl vapors present 
formed thin oxide scales which protected the specimens from further oxidation, 

Fig. 34. 


When the CoCrAlY coatings were thermally spiked, unique microstructures can 
be produced. The microstructure of as processed CoCrAlY is shown in Fig. 35. The 
coatings consists of two phases, the intermetallic beta phase (CoAl) and the solid 
solution matrix phase (Co-Cr-Al). As a result of the thermal excursion-aging 
cycle, a phenomenon called discontinuous precipitation occurs, Fig. 36. The 
magnitude of the effect is dependent upon time and temperature. The morphological 
changes can be explained as follows. In the binary Co-Al system the solubility 
of cobalt in the g-CoAl phase increases with temperature, Fig. 37 (Ref. 40). 

On cooling down after such a heat treatment, the excess a-cobalt in solution in the 
8-CoAl thermodynamically wants to precipitate out. If the low temperature aging 
temperature is too low, kinetically this precipitation either does not occur or 
occurs on a scale too fine to be seen by ordinary optical metallographic tech- 
niques, Fig. 38. However, if an appropriate temperature is chosen, the discon- 
tinuous precipitation phenomenon can effect a lamellar-like microstructure as seen 
in Fig. 36. Of course, the excess aluminum in the a-cobalt resulting from such 
increased temperature exposure similarly would like to precipitate as B-CoAl. 
However, because less aluminum dissolves in a-cobalt than does a-cobalt in g-CoAl 
with increases in temperature, the g-CoAl precipitation phenonemon, though present 
in the a-cobalt grains, is less pronounced. Thus, the presence of discontinuous 
precipitation in coatings normally free of this lamellar-type morphology is indi- 
cative of thermal spiking. However, the absence of this morphology does not mean 
thermal spiking did not occur. If the duration of the spike is too long or the 
aging temperature is too high, severe coarsening and interd if fusion occurs in the 
lamellar microstructures which can reestablish the original microstructure, 

Fig. 38. 


Moreover, such heat treatments can alter the distribution of chromium in the 
coating because the solubility of chromium in g-CoAl is less than that in a-cobalt 
(Ref. 41). Therefore, during the excursion to high temperatures, the a-cobalt 
unites with the 8-CoAl to form g-CoAl (Co-rich) and precipitated chromium. On 
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cooling, the 8-CoAl (Co-rich) disproportionates to form 8-CoAl and a-cobalt 
(Cr deficient). The previously precipitated chromium could equilibrate with the 
a-cobalt or react to form o-CoCr or chromium carbide phases. 

Experiments involving thermal spikes in the absence of sodium sulfate deposits 
and sodium chloride vapors produced little attack looking similar to that seen in 
Fig. 34. In experiments designed to investigate the role of Na2S0^, in the absence 
of NaCl vapors with or without thermal spikes, based upon metal lograpbic examination, 
the amount of attack is minimal with depths of attack no more than a few microns. 
However, when thermally spiked specimens were aged in the furnace with the NaCl- 
containing crucible, the results were completely different. 

As shown in Fig. 39, in the presence of NaCl(g), a severe broa. i*. 't attack 
is noted. Based upon metallographic examination the alloy affected ..uc aas been 
depleted of aluminum, and internal oxidization effects within this zone are 
apparent. Of particular significance is the depth of attack. In as little as 
fifty thermal cycles, almost half of the coating has been penetrated. The addi- 
tion of sodium sulfate deposits to experiments involving exposure to thermal 
transients and NaCl vapors did not significantly increase or alter the severity 
of the attack. That is, the formation of the depleted zone with the internally- 
oxidized "banded" appearance predominated. When specimens were coated with sodium 
sulfate and subjected both to thermal spikes and to NaCl vapors in the aging 
furnace, this corrosion microstructure was not significantly altered. The major 
contribution of the sodium sulfate was the formation of a few small sulfur-rich 
precipitates that were observed within the depleted zone. 

Thus, when CoCrAlY-coated test specimens were subjected in the laboratory to 
brief thermal excursions (.% 30 sec) , and aged at low temperatures in the absence 
of NaCl(g), no significant oxidation was observed. Furthermore, no significant 
microstructural changes were evident in the CcCrAlY coating itself. However, with 
NaCl(g) present, severe alloy depletion was noted even though no significant 
microstructural changes were observed in the coating. Moreover, within relatively 
short durations, approximately half of the coating thickness is depleted of the 
active elements that impart oxidation and sulfidation resistance. Thus, in the 
presence of both thermal excursions and NaCl(g), significant reactions occur, and 
the effect is most deleterious to the coating. This type of microstructure 
has been observed in components removed from gas turbines used in marine 
environments, cf. Fig. 8 in Ref. 2. 

In order to investigate the role of carbon, Na2S0^ -coated specimens were placed 
within a platinum crucible along with 5-8 cc of Diesel No. 2 fuel and inserted for 
no more than 30 seconds into a preheated furnace at 1300 C. During this time 
period, the fuel would burn and form char. 

After removal from the high temperature furnace, the samples are placed into 
another furnace operating in air at 700°C for extended time periods. In general. 
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the specimens are exposed to two high temperature exposures per day with about 
seven hours between exposures. Thus, each cycle consists of a brief high tempera- 
ture exposure followed by an extended period at 700°C (1290 F) . No crucible con- 
taining NaCl was used here in the 700 C aging furnace. No SO 2 additions are made 
to test environments, and sodium sulfate deposits ('V/ 1 mg/cm^) are applied once 
every 15 cycles. The specimens are not water washed prior to the reap plication 
of the sodium sulfate. After 58 cycles the specimen was prepared for both 
metallographic and electron microbeam pzobe examination. Another series of experi- 
ments was conducted differing only in that the quantity of char employed was in- 
creased by the addition of 5 cc of epoxy resin. 

As shown in Fig. 40, the CoCrAlY coating exhibits a nodular (or a pitting) 
type of attack, jith the visual and microstructural characteristics described 
for the r cting "B2" corrosion morphology associated with the acceler. ted 
corrosion which had occurred in some Navy gas turbine engines (Refs. 12, 32, 33). 
After 131 test cycles the specimen is severely pitted, and the characteristic 
features of the attack are more readily seen (Fig. 41). 

The microstructures produced by this testing procedure have the following 
character istics: 

1. an outer cobalt-enriched oxide scale (Fig. 41a), 

2. an inner oxide zone enriched in chromium and aluminum and simultaneously 
depleted in cobalt (Figs. 41b and 41c), 

3. little or no S-CoAl depletion zone between the inner oxide zone and 
the unaffected CoCrAlY coating (Fig. 41). 

Furthermore, amplifying on the characteristics of the oxide pits produced by 
laboratory testing, an enrichment of sulfur is found at the interface between the 
inner oxide layer and the unaffected CoCrAlY coating, Figs. 41, 41d, 42, 42d. 
However, no discrete sulfides are found in the oxide or in the CoCrAlY coating 
below the pit, Figs. 40, 41 and 42. Note that a depletion zone of chromium in the 
coating adjacent to the oxide pit is also observed, and small islands of a-cobalt 
are found in the oxide pit near the unaffected coating, Figs. 40, 41 and 42. 

Lastly, the microstructure found in the inner oxide zone resembles the original 
CoCrAlY microstructure. Figs. 40 and 41. Based upon the electron microbeam probe 
data, one phase in the inner oxide zone is aluminum rich while the other is 
chromium rich, Fig. 43. Superimposed on this two phase micros^ructure, oxide 
striations are observed running parallel to the surface, Figs. 40 an 3 41. Further- 
more, as shown in the above figures, a thin zone slightly enriched in aluminum 
is observed between the outer coba’t-rich oxide and the inner two phase oxide, 

Fig. 41c. Lastly, when the corrosion products are placed into water, soluble 
cobalt is found. 
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In order Co separate the role of the char and the thermal spike, a series of 
experiments was conducted In which the sodium sulfate-coated CoCrAlY-coated 
specimens together with fuel with and without epoxy resin were heated at 700°C 
(1295°F) for seven (7) hours. After 170 cycles, it was observed that no corrosion 
had occurred. It was also determined that the char formed at 700°C is highly 
combustible, unlike the char formed at 1300 C which would persist for extended 
periods (two to four hours) . 

Lastly, a series of experiments was performed in which the sodium sulfate- 
coated CoCrAlY specimens and fuel were placed into individual platinum crucibles. 

Both crucibles were simultaneously inserted into the 1300 C preheated furnace 
for durations less than 30 seconds. This experiment was then repeated without the 
fuel. In the absence of the fuel the CoCrAlY specimen is essentially covered with 
a clear -whit ioh deposit. When touched with wet litmus paper, the litmus paper remains 
unchanged in color. When fuel was present, the salt deposit on the CoCrAlY specimen 
is reddish in appearance; and when touched with wet litmus paper, a distinctly 
basic response was indicated. When heated at 700°C in air, the reddish deposit 
slowly turns white. 

Because anhydrous sodium sulfide is reported to be red while sodium sulfate 
is white and because aqueous solutions of sodium sulfide are alkaline while those 
of sodium sulfate are not, these observations are consistent with the partial 
conversion cf Na 2 S0 4 to Na 2 S which can occur under the transient reducing condi- 
tions, i.e. , 


Na 2 S0 4 (c) + 4C(c) -*• Na 2 S(c) + 4CO(g). (Ref. 42, 43) 

At 700°C in the oxidizing environment, the Na 2 S phase is converted back to Na 2 SC> 4 , 
i.e. , 

Na 2 S(c) + 20 2 (g) Na 2 S0 4 (c). CRef. 43, 44) 

Thus, the anticipated reaction products between Na 2 S0 4 and carbon, under the condi- 
tions described herein, are sodium sulfide, Na 2 S, and the oxides of carbon while the 
release of SOj is not thermodynamically favored (Ref. 43). 

The presence of carbon strongly influences both the rate of corrosion and the 
corrosion morphology. In the presence of carbon, salt, thermal excursions, and 
subsequent aging, the CoCrAlY coating oxidizes at accelerated rates. It forms an 
outer cobalt-enriched oxide scale, an inner oxide zone enriched in chromium and 
aluminum, and simultaneously depleted in cobalt with the corrosion product almost 
in intimate contact with the unaffected substrate, as if little diffusion had 
occurred. This microstructure is identical to that described for the accelerated 
corrosion of CoCrAlY-coated component?- -amoved from some Navy gas turbine engines 
(Refs. 12, 32, 33). Thus, although the "B2" microstructure has been reproduced in 
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Che laboratory by Che acCion of condensed sodium sulfate deposits with SO-j (SO 2 /O 2 ) 
additions to test atmospheres at relatively low temperatures, 700°C (Refs. 12, 36), 
results of experiments described here demonstrate this microstructure can alternately 
be produced as a result of high temperature Na 2 S 0 ^-induced hot corrosion processes 
without additions of SO 3 (SO 2 /O 2 ) to test environments. Furthermore, this alternative 
mechanism involves factors which have been reported to be present within the operating 
profile of gas turbine engines where such corrosion pits have been observed. 

Thusly, the corrosion associated with hardware in such engines occurred primarily 
on the concave surfaces, the surfaces which are "line of sight" with respect to 
combustion burners. Carbonaceous deposits were reported to be present on turbine 
surfaces (Refs. 2, 33, 3.7), and salt deposits were noted on all surface (Ref. 2). 

Thus, assuming thermal excursions and subsequent low power operation, the conditions 
investigated in this study had occurred in the field. That is, salt-coated parts 
were briefly exposed at elevated temperatures in the presence of carbon and sub- 
sequently aged at lower temperatures. In the laboratory in the absence of carbon, 
no accelerated corrosion with the "B2" morphology was observed. In the field, 
carbon deposition most likely occurs during engine start-up and shut-down. Thus, 
as had been reported by Schilling et al. (Ref. 38) , the CoCrAlY coatings had 
performed well in engines operating for extended durations on gaseous fuels con- 
taining up to 3 w/o sulfur (as H 2 S) , even though (based upon chemical analysis) 
sodium sulfate had been present on high pressure turbine airfoil surfaces. Because 
the gas turbine engine was reportedly in continuous use, carbon formation would be 
minimized; and, based upon the model described herein, carbon is an essential 
ingredient for this type of corrosion. 

Sodium chloride was present at low levels in the epoxy used in experiments 
dealing with carbon which resulted in the production of pits with the "B2" micro- 
structure. However, these experiments do not permit an explicit definition of 
the role of such sodium chloride in the corrosion process leading to the formation 
of oxide pits with the "B2" morphology. However, on the basis of other experi- 
ments reported here dealing with low levels of NaCl, such amounts of sodium 
chloride are probably not innocuous. Accordingly, further work in this area is 
needed to define this role. 
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V. SUMMARY AND CONCLUDING REMARKS 


Sodium chloride gas reacts with the normally protective oxide scales that 
form on NiAl, Ni-Cr alloys and the nickel base superalloy, B-1900. 

With respect to the simple alumina formers, the gas reacts at the metal- 
oxide interface, transporting aluminum to the free surface where it oxidizes 
to form A^O^ whiskers. The depletion of aluminum at the oxide-metal inter- 
face results in the formation of voids, which after prolonged exposure grow 
and eventually contribute to isothermal scale cracking of sufficient magnitude 
to be readily detected by thermogravimetric techniques. 

In air environments alone, B-1900 exhibited excellent oxidation resistance. 
However, in the presence of low levels of NaCl vapors, oxidation rates were 
increased by orders of magnitude. In fact, at the end of 100 hour tests, 
thermogravimetric curves for specimens exposed to NaCl(g) at 900°C indicated 
highly positive slopes. On the other hand, sodium sulfate-coated specimens 
exposed at 900°C to air without NaCl(g) indicated flat or even decreasing oxida- 
tion rates, suggesting protective scales had eventually formed there. Moreover, 
for B-1900 specimens oxidized in air with NaCl vapors, alumina whiskers similar 
to those found for the simple alumina formers, were evidenced on oxide scales. 

Hie attendant isothermal cracking of the protective scale and the enrichment of 
molybdenum at the scale-alloy interface are contributing factors to the accelerated 
oxidation of this alloy. Because molybdenum and the other refractory metals are 
most important alloying elements for the next generation of the aluminum rich 
(gamma prime strengthened) superalloys, it is most important to understand the 
mechanism by which gaseous species (such as NaCl vapors) increase the oxidation 
rates orders of magnitude, so that the proper alloying or metallurgical heat 
treatments can be performed to improve oxidation resistance to such corrodents. 

As shown in this study, the deleterious effect of NaCl(g) is also observed when 
the alloy is coated with molten sodium sulfate. 

In this study it was confirmed that NaCl(g) reacts with chromia, and the 
chromium content of oxide scales can be significantly reduced by gaseous sodium 
chloride such that oxidation rates are significantly increased. Furthermore, the 
presence of NaCl vapors in oxidizing atmospheres leads to "S" shaped therroogravi- 
metric curves characteristic of breakaway oxidation kinetics. 

During thermal transients, metallurgical transformation can occur in CoCrAlY 
coatings. In the presence of gaseous NaCl, severe alloy depletion effects ana 
internal precipitation of aluminum and chromium are observed. Such a micro- 
structure has been reported for a gas turbine operating under cyclic conditions 
in a marine environment. When carbon and Na 2 S (>4 are present and the alloy is 
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aged at lover temperatures, accelerated corrosion is observed producing a 
characteristic microstructure whose features agree with that reported to 
result from low power operation of some Navy gas turbines, i.e., "B2." 

Because NaCl is present in the sodium sulfate at contaminant levels, and 
was present in the epoxy used to promote char formation, the role of gaseous NaCl 
in this form of accelerated hot corrosion needs to be further explored. 
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VI . APPENDIX I 

A PROPOSED MECHANISM FOR THE GROWTH OF CHROMIA 
CRYSTALS BY MOLTEN SALTS 


Both in the current and in previously reported studies (Ref. 13) pure 
chromium and Ni-Cr alloys exposed to condensed sodium sulfate deposits develop 
large platelet- shaped Cr 2 0 3 crystals (Ref. 13), e.g.. Fig. 30. Similar observations 
have been reported by Wright et al. (Ref. 28). Such platelets develop irrespective 
of the presence or absence of halogen-bearing vapors. 

The growth rate of such crystals is slow at 900°C and rapid at temperatures 
of 1000°C (Ref. 28) and 1050°C (Ref. 13). An explanation previously proposed to 
account for the growth of such crystals involved oxide ion effects, arising from 
the reversibility of the reaction: 

Cr 2 0 3 (c) +1 0 2 (g) + 2(f(c)Z 2Cr0 4 = (c) (Ref. 28). 

Based on this interpretation, the dissolution process occurs where the oxide 
ion level is high, i.e., the oxide-molten salt interface. The precipitation 
reaction then occurs when the oxide ion level is reduced, i.e., near the molten- 
salt ambient atmosphere interface (Ref. 28). Such an interpretation, though 
internally consistent, does not readily explain the distribution of chromia 
crystals as shown in Fig. 44, cf. Fig. 100 in Ref. 13. Here a number of circular 
features occur. These structures suggest that a molten salt was transiently 
present as a droplet on the specimen surface before completely vaporizing because 
no indication of a molten deposit remains. Cr 2 0 3 crystals are found both inside 
and outside such circular structures. However within the delineated perimeters 
of such features, chromia crystals are either absent or greatly diminished in 
quantity. 

Thus, if such local molten salt droplets existed, the oxide ion level should 
be lowest at the periphery of such a droplet, i.e., at the gas-salt-oxide inter- 
face. Concurrently the oxide ion leveJ should be greatest in the middle of such 
a droplet in contact with the oxide surface. Hence, according to the above 
explanation, crystals should appear at the periphery of such structures and be 
absent ?n their centers. Fig. 44. On the other hand, observation discloses exactly 
antithetical microstructures. Figs. 44 and 45. 

An alternative explanation to account for the distribution of chromia found 
in Fig. 44 involves the possibility of an oxygen transport cycle. Thus ly, chromia 
crystals could arise from the reversibility of a reaction such as, 

Cr0 4 ” (c) + ~ Cr 2 0 3 (c) + | 0 2 (g) * Cr 2 0 7 (c) = t 
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Such a cycle would involve the transport of oxygen from a region of high activity 
to one of low activity. Thus,chromia scales should dissolve in regions of high 
oxygen activity in order to transport oxygen across an oxygen gradient. Although 
sodium dichromate at unit activity is reported to decompose at 400°C (Ref. 23), 
this does not preclude its existence in a molten salt at some reduced activity. 

To evaluate the feasibility of both of these mechanisms, a short series of 
experiments was conducted. Elemental chromium was used to avoid problems with 
varying activities such as would occur for an alloy undergoing oxidation. The 
molten salt involved was sodium chromate. Chromia powder of 99.999% purit^ 
obtained from Apache Chemicals Inc., Seward, Illinois was pressed into 
pellets. 

The temperature for the group of tests was 1000°C, a value which was found 
by Wright et al. to effect the growth of such crystals (Ref. 28). Specimens 
were maintained in a box furnace for one week and then examined for indications of 
the attack of chromia scales and/or the formation of large crystals. 

The first group of experiments involved the absence of either an oxygen or 
oxide ion sink. Thus pure Na 2 CrO^ held for a week in a platinum crucible failed 
to produce any crystals. With the addition of dense alumina pieces to the 

molten salt, again no chromia crystals were formed. Pressed C^O-j powder pellets 
held isothermally in air at 1000°C failed to sinter sufficiently to yield large 
chromia crystals. Furthermore pressed chromia pellets either sprayed with Na 2 Cr 04 
or partially or fully immersed alone in Na 2 CrO^ also failed to produce the desired 
crystals. A small amount of Ostwald ripening, as anticipated, took place for 
Cr^Oj pellets specimens partially or fully immersed in Na 2 CrO^; however this 
was not the desired effect. 

The second group of studies involved the possible action of an oxide ion sink. 
In the previously reported explanation to account for the growth of these crystals 
(Ref. 28), the likely and strongest oxide ion acceptor involving Ni-Cr alloys would 
have been NiO. Thus NiO powders mixed with Na 2 Cr 04 and held for one week at 1000°C 
in a platinum crucible failed to produce any chromia crystals. However a stronger 
oxide ion acceptor than NiO should produce Cr 2 0 Q crystals. Thus, in an experiment 
using a glazed porcelain (Coor's) crucible, after a week at 1000°C, both the 
crucible was attacked and small crystals were observed, Fig, 46. The 

silica used to glaze the crucible likely reacted with the Na 2 CrO^ to form various 
sodium silicates and to produce crystals via oxide ion effects. 

In the third group of experiments involving an oxygen sink, a specimen of 
chromium was partially immersed in a pool of sodium chromate contained in a 
platinum crucible. This experimental design as shown in Fig. 47 emulates the 
morphology of a molten salt droplet on the surface of a specimen, cf. Fig. 45. 

After one week, the specimen shows preferential attack at the meniscus where the 
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molten salt wetted the chromium specimen, Fig. 47. Concomitant with such attack 
large crystals were produced. These crystals are morphologically similar 

to those reported in the literature (Ref. 28) and observed in prior (Ref. 13) 
and current studies. The attacked regions of the chromium specimen are where 
the oxygen activity is highest. Regions of the chromium test piece that were 
below the surface of the molten salt were not preferentially oxidized. To insure 
that the effects observed did not result from galvanic interactions with the platinum 
crucible, the elemental chromium was isolated from the crucible with small alumina 
blocks with the same results as before. Fig. 47. Similar results were obtained sub- 
stituting sodium sulfate for the sodium chromate here with the additional presence 
of a layer of sulfides below the chromia scale. 

Continuing along these lines, a chromia pellet was partially immersed on an 
alumina pedestal and a piece of elemental chromium was fully immersed in the 
Na 2 CrO^, Fig. 48. After testing for one week the region of the pellet covered 
by the meniscus had largely dissolved. Fig. 48. Thusly it had been partially 
consumed in transporting oxygen to the submerged chromium specimen. In experiments 
involving such (h^Og pellets alone and not using the oxygen sink, namely elemental 
Cr, no comparable effect occurred. 

To determine if the transport of oxygen via the dissolution of C^Og occurred 
independently of an oxide ion sink, a specimen of elemental chromium was partially 
immersed in Na 2 CrO^ held in a glazed porcelain crucible. After a week at 1000°C, 
the crucible showed attack exactly as seen earlier with no elemental chromium 
present, cf. Fig. 46. However the chromium piece also evidenced attack exactly 
as seen earlier in experiments with platinum crucibles, cf. Fig. 47. 

Thusly the effects reported here are not explained by differences in the 
solubility of chromia scales in the absence of an oxygen sink (Ref. 28). However 
they are commensurate with an oxygen transport mechanism involving the dissolution 
of C^O-j scales that is independent of oxide ion activity. Moreover the rate of 
attack of chromia scales by this mechanism are significant at temperatures of 
1050°C and 1000°C (Refs. 13, 28). At the end of weight gain experiments conducted 
at 1050°C for 24 hours with Ni-25Cr, Ni-40Cr or elemental chromium coated with 
molten sodium sulfate (or sodium chromate) deposits, no molten salt is detected 
on specimen surfaces while prolific amounts of large CrjOg crystals abounded. 

The morphology of the chromia crystals produced by such thin salt deposit exper- 
iments indicates a much larger surface area compared to the usual area calculated 
from pre-oxidized specimen geometries. Vaporization effects would be enhanced 
by the greatly enhanced surface areas actually effected by the profuse number 
of the relatively large crystals produced, cf. Fig. 44. Therefore, if Na 2 CrO^ 
is as reactive as results of experiments conducted here suggest, it should not 
be surprising to be unable to subsequently find soluble chromium in the case of such 
experiments. 
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A recognition of the presence of such a transport process could be important 
in interpreting results of electrochemical studies of hot corrosion mechanisms. 

The equations responsible for such transport are independent of oxide ion activity. 
Moreover, such reactions could affect different areas of the same eleccrode - the 
effect appearing as a short circuit within a single electrode. 

Rapp and coworkers have presented results of equilibrium solubility studies 
of in molten sodium sulfate melts at 1000 K for a wide range of SO 2 /O 2 

mixtures (Refs. 45 and 46). These results indicate that for the basic dissolution 
of ^ 2^31 i.e. , 

Cr 2 0 3 (c) + 2 0 2 (g) + 0 = (c) i Cr 0 ^ = (c) , 

at fixed oxide ion activity, the solubility of C^O^ decreases with increased 
oxygen partial pressure. These results derived from equilibrium studies are 
contrary to the results presented here for processes involving dynamic transport 
effects. 
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Table I 

Analyzed Composition (in wt.%) for Experimental Alloys 
Nominal Composition Analyzed Composition 


.. 


Ni 

Co 

A1 

Cr 

Y 

Hf 

» * 

NiAl (70Ni, 30A1) 

68.6 



30.6 

— 

— 

— 


NiAl + 0.5Y 

68.1 

— 

31.2 

— 

0.12 

— 


NiAl + 1.5Y 

69.6 

— 

29.9 

— 

0.24 

— 


NiAl + l.OHf 

68.9 

— 

30.9 

— 

— 

1.16 


NiAl + 3 .OHf 

66.5 

— 

29.2 

— 

— 

3.62 


NiAl + l.OCr 

67.7 

— 

31.4 

1.27 

— 

— 

* « 

Ni-25Cr 

75.2 

— — - 

— — 

25.2 

— — 

— 

J 

Ni-40Cr 

59.9 

— 

— 

39.3 

— 

— 


Ni-40Cr + 0.5Y 

58.4 

— 

— 

42.8 

0.06 

— 


Ni-40Cr + 1.5Y 

59.3 

— 

— 

41.2 

0.93 

— 


Ni-40Cr + l.OHf 

59.4 

— 

— 

39.1 

— 

1.28 


Ni-40Cr + 3. OHf 

58.7 

— 

— 

37.7 

— 

3.16 


CoCrAl 

— 

63.3 

13.8 

23.9 

— — 

— 


CoCrAl + 0.5Y 

— 

61.6 

13.7 

24.2 

0.50 

— 


CoCrAl + 1.5Y 

— 

61.3 

13.5 

2'..? 

1.33 

— 


CoCrAl + l.OHf 

— 

65.3 

12.9 

’ . I 

— 

0.10 


CoCrAl + 3. OHf 

— 

61.8 

12.9 

25,0 

— 

0.50 
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FIG. 



Oxidation of Ni-25Cr at 1050°C in air alone (100 hours) 
oxide mounds (A) and convoluted oxide on Ni-25Cr surface (B). 
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FIC. 5. Oxidation of Ni-25Cr at 1050 
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FIG. 7 Oxidation of B-1900 alloy at 1050°C in air alone (100 hours) 

A. Thin gamma prime depletion zone (A) 

B. Unaffected B-1900 substrate 
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NaCl vapors at 900°C. 





FIG. 9 Thermogravimetric data for NiAl oxidized in air alone with and 
wii.nout NaCl vapors at 1050°C. 



A. Outer oxide scale 

B. Inner oxide scale 

C. NiAl substrate 



FIO. 10 Microscopy studies — NiAl exposed at 1050°C to air with lOppm 
NaCl ( r) for 100 hours. 
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B. Air with 12ppm NaCl(g) 


^ 0 ^^ 

FIG. 11 Microscopy Studies — NiAl exposed at 1050 D C for 100 hours. 

Arrows indicate attachment sites between substrate and 
scale. 
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A. Air alone 




FIG. 12 Microscopy studies — NiAl exposed at 1050°C to air with lOOppm 
HC1 and 0.02v/o SO 2 for 24 hours. 

Note the formation of alumina whiskers (arrows). 


» 
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F1C. 13 AI 2 O 3 whiskers on CoCrAlY oxidized at 1050°C for 24 hours in air 
with lOOppm NaCl. 
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400 ppm NaCI 
1050 “C 



FIG. 14 Early stages in the oxidation of Ni-25Cr oxidized in air with 
NaCl(g). 


















FIG. 19 Oxidation of B-1900 at 105 0°C with and without addition of NaCl(g). 



Scanning Electron Micrograph Molybdenum X-ray Map 



idized in air with 11 ppm NaCl(g) for 100 hours 











Scanning Electron Micrograph Molybdenum X-Fay Map 
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FIG. 23 B-1900 oxidized at 700OC. 


A for 100 hours in air alone 
B for 60 hours in air with lOppm NaCl (g) 
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TIME (hours) 
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FIG. 25 Sodium sulfate-coated (1.0 mg/cm^) NiAl oxidized in air with 90ppm 
NaCl(g) at 1050°C for 100 hours. (A) Widmanstatten precipitation 
and (B) y' (M 3 AI) formation in aluminum depleted NiAl regions con- 
taining (C) oxide inclusions. 
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FIG. 26 Oxidation behavior of sodium sulfate-coated (1.0 mg/cm 2 ) NiAl+Y at 
900°C in air alone. 
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FIG. 28 Thermogravimetric data for sodium sulfate-coated Ni-25Cr oxidized 
at 1050°C for 100 hours (1.0 mg/cm^) . 
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FTC. 29 Oxidation of sodium sulfate-coated (1.0 mg/cm^) Ni-25Cr at 900°C. 




40/J 

a. A. Chromia crystals produced by molten salt effects 
B. Matrix scale 


Au Cr Ni Au 



b. EDAX of matrix scale 


FIG. 30 Chromia crystals (A) growing on a nickel-enriched 

oxide substrate (B). Na 2 S0 4 coated (1.0 mg/cm 2 } Ni-25Cr oxidized 
in air at 1050°C for 100 hours. 
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FIG. 31 Oxidation of sodium sulfate-coated (1.0 mg/cm 2 ) B-1900 at 900°C. 



FIG. 32 Thermogravimetric data for sodium sulfate-coated (1.0 mg/cm^) B-1900 
oxidized at 1050°C. 
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FIG. 33 Oxidation of sodium sulfate /ammonium chromate-coated B-1900 at 900°C 
in air with and without NaCl vapor present. 


Deposit: 3.2 mg/crn^ (1 part by weight Na2S04:: 2.2 parts by weight 

(NH4)2 C^Oy). 
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FIG. 36 Discontinuous precipitation effects producing cellular recrystallization 
(arrows) in CoCrAlY-coating exposed at 1300°C for one minute followed 
by 60 hours in air at 700°C. 
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FIG. 37 Partial phase diagram for the aluminum-cobalt system (Ref. 40). 

A. Approximate overall composition of CoCrAlY (neglecting chromium) 

B. Approximate composition of a-cobalt and B-CoAl after 4 hours 
1975°F (1080°C) heat treatment 

C. Effect of thermal spike on the composition of a-cobalt and 
B-CoAl . 
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FIG. 38 Effect of thermal history on coating microstructure 

Thermal History 

A: As-processed CoCrAlY coating microstructure 

B: A- immediately after a thermal transient 

C: B-aged at too low a temperature to effect precipitation 

D: B-aged at an appropriate temperature to produce a lamellar 

structure via discontinuous precipitation effects 

E: D (or B)-aged at higher temperature results in lamellar 

structure coarsening 

A: E (or B, C, and D) exposed to too high a temperature will 

revert to original microstructure, A. 
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Banded internally 
oxidized structure 


FIG. 39 Banding produced in CoCrAlY coatings by thermal transients 
and NaCl (g) . 

CoCrAlY thermally spiked fifty times and aged at 00°C in air with 
lOOppm NaCl(g). 
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CoCrAlY 


coating 


substrate 
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oxidized region 



FIG. 40 Pitting attack of CoCrAlY after 58 cycles showing the presence of 
a retained substrate morphology in the oxide pit coincident with 
the prior a-Co grains in "'he CoCrAlY coating (A), prior corrosion 
front images (B) and B-cooalt islands in the oxide pit (C) . 
(Scanning electron micrograph) 
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FIG. 41 Pitting Attack of CoCrAlY 


Laboratory Test (131 cycles*) 

A. a-Co(Cr) solid solution 

B. &-CoA3 

C. Islands of a-eobalt In Inner oxide zone 

D. Al-enriched grain, cf. Figure 43 

E. Cr-enriched grain, cf. Figure 43 

F. Al-enriched oxide striations in the inner oxide zone 

*(1 cycle: Exposure at 130Q°C in a preheated furnace for 30 sec- 

onds with intervening time spent in furnace at 700°C, sodium sulfate 
(-1 mg/cm 2 ) deposits reapplied every 15 cycles, fuel applied each 
cycle. ) 
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A. Cobale X-ray Map 



B. Chromium X-ray Map 



Laboratory test (131 cycles) 


FIG. 41 Pit ting attack of CoCrAlY coating. 
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C. Aluminum X-ray Map 
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D. Sulfur X-Ray Map 



Laboratory test f 1 31 cycles) 


FIG. 41 Pitting attack of CoCrAl v coatirg. 
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Scanning electron micrograph 


Laboratory test (131 cycles) 


Metallographic studies of the base of the oxide pit, cf. FIG. 41 




Laboratory test (131 cycles) 


FIG. 42 Base of oxide pit, cf. FIG. 41 
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CROSS-SECTION VIEW 


PROJECTION VIEW 


OBSERVATION 


EXPECTATION 


FIG. 45 



n = Cr 2 0 3 CRYSTALLITE 


Expected crystal growth from a droplet, cf. FIG. 44 
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1000°C. 1 WEEK PI CRUCIBLE 


MENISCUS 


SUBMERGED 

SECTION 


47 Chromium partially immersed in Na^CrO^ showing attack at 
meniscus. 
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CHROMIUM SPECIMEN 



ORIGINALLY SPHERICAL PELLET SHOWING PARTIAL DISSOLUTION EFFECTS AFTER 1 WEEK AT 1000’C 



016 cm 


FIG. 48 Chromia pellet serving as oxygen transport medium 
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